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Abstract – simulations have shown that the 
evaluation of thermal losses of water cooled electric 
motors using inexpensive conventional temperature 
sensors is complicated by the relatively low accuracy of 
the latter. This accuracy must be below 0.05 K to 
evaluate motor efficiency with an accuracy of 1%. By 
experiment, it was shown that oscillating ultrasonic 
temperature sensors can potentially achieve the 
required accuracy. It was observed that the output 
frequency of the oscillating ultrasonic sensor featured 
substantial hysteresis that would complicate the 
development of accurate ultrasonic instrumentation.    
 INTRODUCTION  
Like all the other mechanisms that transfer 
energy from one kind into another, electric 
motors exhibit power losses that heat the motors 
up. Motors with high power ratings dissipate 
substantial amounts of heat energy that needs to 
be removed; an efficient way to achieve this is 
to employ a water jacket and circulate cooling 
liquid through it. The difference between the 
consumed P and dissipated power PL divided by 
the consumed power determines the motor’s 
efficiency: 
P
PP L−
=η
  .                            (1) 
Motor efficiency can vary from 70% to 96%, 
even within motors manufactured by the same 
vendor, depending on the power rating and 
number of poles of the motor [1]. Manufactured 
motors are rated by their efficiency (e.g., 
standard, high and premium efficiency [1]) and 
priced accordingly, because higher-efficiency 
motors bring about savings in running cost. 
Accurately determining a motor’s efficiency is 
not only important for pricing purposes but also 
for its design optimisation, as even very small 
improvements can result in sizable efficiency 
gains when they are compounded. 
Power losses PL can be calculated from the 
measured temperature difference at the inlet and 
outlet of the water jacket ∆T: 
,TcfPL ∆=    (2) 
where c is the specific heat capacity of water 
and f is the water flow rate. In practice, the flow 
rate is adjusted so that it will not exceed the 
temperature difference recommended by the 
manufacturer (e.g., 7–10 K [1]). To accurately 
determine the motor’s efficiency, the 
temperature sensors’ accuracy (and resolution, 
if the sensors are digital) should be several 
orders of magnitude below the difference; 
however, most conventional inexpensive 
temperature sensors provide an accuracy of 
only ±0.25..1 K. 
Oscillating ultrasonic temperature sensors, in 
contrast, can provide several hundred distinct 
readings per centigrade [2, 3]. They consist of a 
pair of ultrasonic transducers immersed into an 
appropriate liquid, and driving electronics that 
provide a positive feedback loop. Among 
several possible implementations of the driving 
electronics for the sensor, the programmable 
system on chip (PSoC) realisation was found 
the most convenient [4]. Fig. 1 shows the 
experimental arrangement of the chamber, with 
both the conventional and ultrasonic sensors 
and driving and data acquisition electronics [5]. 
This paper reports the simulation results for 
motor efficiency found from temperature 
measurements using sensors of various 
accuracies and experimental results showing 
that the required accuracy can be achieved 
using ultrasonic sensors.    
I. determining motor efficiency from 
inaccurate temperature measurements 
An evaluation of a motor’s efficiency from 
temperature measurements was conducted in 
the following manner: 
- For a motor with a known power rating,  
efficiency and recommended temperature 
difference of the cooling water at the inlet and 
outlet, the required flow rate was calculated 
using (1) and rounded to a 0.1 L/s resolution. 
- The resulting temperature difference ∆t0 was 
calculated, and the range of temperature 
differences measured using two finite accuracy 
sensors εt was determined (∆t=∆t0±2×εt). 
- Power loss was calculated for the upper and 
lower values of the obtained temperature 
difference range using (2), and the estimated 
efficiency was found from (1). 
Fig. 2 presents the simulation results for 2-pole 
75 kW motors of various efficiencies for the 
initial temperature difference of 10 K. It shows 
that if the accuracy of the temperature sensors is 
above 0.5 K, the efficiency class (and the 
selling price) of the motor can be wrongly 
determined. Further simulations showed that 
determining a motor’s efficiency with an 
accuracy of 1% requires the accuracy of the 
temperature sensors to be below 0.05 K; this is 
not easy to achieve using conventional means. 
II. Comparative temperature 
measurements using conventional and 
ultrasonic temperature sensors 
Experiments were conducted using the setup 
presented in Fig. 1 by tens of hours. Data from 
eight conventional temperature sensors 
(DS18B20, rated accuracy ±0.5 K) were 
collected, and six of them were selected for the 
lower standard deviation of their readings (less 
than 0.05 K). The average value of their 
readings was later used for the temperature 
reference. The gain of the electronic driver was 
selected to ensure the least sensitivity of the 
output frequency to the gain changes. The 
centre frequency of the driver’s magnitude 
response was set to 24.4 kHz, and its bandwidth 
was varied. 
Experimental results, presented in Fig. 3, 
showed a much closer correlation between the 
output frequency of ultrasonic sensors and 
temperature than previously reported [4]. This 
was achieved using a better reference for the 
output frequency measurement.   
The observed sensitivity of the output 
frequency to temperature was about 50 Hz/K, 
making it possible to achieve the equivalent 
temperature resolution of 0.02 K when 
measuring output frequency with 1 Hz 
accuracy. 
It is important to note that the relation 
between the temperature and output frequency 
of the sensor did not exhibit a one value to one 
value relationship but rather hysteresis. 
III. Conclusions 
Thermal losses in water cooled electrical 
motors (and thus their efficiency) can be 
estimated by measuring the temperature 
difference of cooling liquid at the inlet and 
outlet. Simulations show that the accuracy of 
the temperature sensors should be considerably 
higher than that of conventional temperature 
sensors, closer to 0.05 K. Ultrasonic 
temperature sensors seem capable of providing 
the required accuracy, but they actually feature 
strong hysteresis. We plan to tackle this 
hysteresis by employing data fusion—
processing the output data of conventional and 
ultrasonic temperature sensors simultaneously, 
in real time. 
References 
[1] ABB Motors and Generators. Low voltage water 
cooled motors [Online catalogue]. Available: 
tinyurl.com/poa3za8 
[2] S. Alzebda and A. N. Kalashnikov, “Ultrasonic 
sensing of temperature of liquids using inexpensive 
narrowband piezoelectric transducers,” IEEE Trans. 
Ultrason. Ferroelectr. Freq. Control, vol 57, no. 12, 
pp. 2704-2711, 2010. 
[3] A. Afaneh, S. Alzebda, V. Ivchenko and A. N. 
Kalashnikov, “Ultrasonic measurements of 
temperature in aqueous solutions: why and how,” 
Physics Research International, Article ID 156396, 
Feb. 2011. 
[4] P. Popejoy, S. Alzebda, A. Hashmi, M. Harriott, O.  
Sonbul, A. Kalashnikov, and B. R. Hayes-Gill, 
“Comparison of implementation of driving 
electronics for ultrasonic oscillating sensors,” in 
IEEE Ultrason. Symp., Dresden, Germany, 2012, 
pp.2427-2430. 
[5] M. Harriott, “Experimental assessment of 
applicability of ultrasonic sensors to evaluation of 
heat losses of water cooled electric motors,” The 
University of Nottingham, unpublished, 2013. 
The 3rd International Conference «Advanced Information Systems and Technologies, AIST 2014» 
14-16 May 2014, Sumy, Ukraine 
  
Fig.1 Overview of the experimental setup   Fig. 2 Simulation results for the estimated efficiency of                        
motors of different types versus the accuracy of 
temperature sensors 
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Fig.3 Experimental results for bandwidth of 10 kHz (a) and 7.5 kHz (b) 
Left: ultrasonic sensor’s output frequency (blue line) and temperature (green line) versus time 
Right: output frequency versus temperature 
